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pairs [2, 3℄, as axigluons [4℄, and in theories of new strongdynamis [5, 6℄. Some resonanes are expeted to havea large deay width and would be hard to detet overstandard model t�t-pair prodution. Here we searh fora t�t resonane with a width that is signi�antly smallerthan the detetor resolution for reonstruting its mass.Searhes for t�t resonanes were previously arried outby the D0 and CDF ollaborations at the Fermilab Teva-tron Collider, and no evidene was found for resonantprodution [7, 8℄. To extrat limits on the massMX of aresonane, limits on ross setions were ompared to pre-ditions for a leptophobi topolor Z 0 boson with width� = 0:012MZ0 [6℄. To simplify omparisons with previouslimits, we use the same model as a referene. The lower



4limit for the mass of suh a topolor Z 0 boson publishedby the D0 Collaboration is 700GeV [7℄ based on 0:9 fb�1.The CDF Collaboration exludes Z 0 boson masses below900GeV [8℄ using 4:8 fb�1 of integrated luminosity. Bothlimits orrespond to 95% on�dene level (C.L.).We arry out the searh using lepton+jets (`+jets)events in whih one of the top quarks deays \leptoni-ally", t ! Wb ! `��b, and the other \hadronially",t ! Wb ! q�q0b (harge onjugate states are impliitlyinluded in our notations). This �nal state is harater-ized by an isolated harged lepton (eletron or muon),imbalane in transverse momentum 6pT from the unde-teted neutrino, and jets from the fragmentation of thefour quarks. The data orrespond to an integrated lu-minosity of 5:3 fb�1 and were aquired by the D0 exper-iment at the Fermilab Tevatron Collider in p�p ollisionsat ps = 1:96TeV.The D0 detetor onsists of entral traking, alorime-ter, and muon systems [9, 10℄. The entral traking sys-tem is loated inside a 1:9T superonduting solenoidalmagnet. Central and forward preshower detetors areloated just outside the oil and in front of the alorime-ters. The liquid-argon/uranium sampling alorimeter isdivided into a entral setion overing pseudorapidityj�j < 1:1 and two end alorimeters extending overage upto j�j � 4. The alorimeter is segmented longitudinallyinto eletromagneti, �ne hadroni, and oarse hadronisetions with inreasingly oarser granularity. The muonsystem, loated outside the alorimeter, onsists of onelayer of traking detetors and sintillation trigger oun-ters inside a 1:8T toroidal magnet and two similar layersoutside the toroids. A three-level trigger system seletsevents that are reorded for o�ine analysis.Events must satisfy one of several trigger onditions,all requiring an eletron or muon with high transversemomentum, in some ases in onjuntion with one ormore jets. The event seletion requires one isolated lep-ton with pT > 20 GeV, missing transverse momentumabove 20 GeV (30 GeV) for the e+jets (�+jets) data,and at least three jets with pT > 20 GeV. The leadingjet must have pT > 40 GeV. We require at least one jetto be tagged as originating from the fragmentation of ab quark. Further details about the `+jets event seletionan be found in [11℄ and [12℄. After applying these ri-teria, the dominant bakground is ontinuum t�t produ-tion. We disriminate between ontinuum and resonantt�t prodution using the invariant mass of the t�t system.The `+jets events are divided into four subsamples de-�ned by lepton avor (e, �) and jet multipliity (3 jetsand � 4 jets).The two main standard model proesses that yield anisolated lepton, 6pT , and several jets are t�t and W+jetsprodution. The third most important bakground arisesfrom multijet events in whih a jet is misidenti�ed as aneletron, or a muon from heavy-avor quark deay ap-pears isolated, and 6pT is mismeasured. Single top quark,

Z+jets, and diboson prodution an also give rise to suh�nal states, but have muh smaller yields.We simulate t�t, W+jets and Z+jets prodution usingthe alpgen+pythia event generators [13{15℄. Threesubsamples, W+ b�b, W+ �, and W+light-partons, aregenerated separately. Similarly, the Z+jets samples aredivided into Z+ b�b, Z+ �, and Z+light-parton sam-ples. We simulate single top quark prodution usingthe omphep-singletop [16, 17℄ generator and dibo-son (WW , WZ, and ZZ) prodution with pythia. Forall simulations, we set the top quark mass to mt =172:5GeV and use the CTEQ6L1 parton distributionfuntions [18℄. We simulate detetor e�ets using geant-3 [19℄ and add randomly triggered events to all simulatedevents to aount for multiple p�p ollisions in the samebunh rossing. These events are reonstruted using thesame proedures as for data.To estimate bakgrounds we use either data-drivenmethods or simulation. We estimate the number anddistribution of multijet events that are ontained in eahsubsample using a ontrol data sample [20℄. We sale t�tprodution to the theoretial approximate next-to-next-to-leading order (NNLO) predition of �(p�p ! t�t) =7:48+0:56�0:72 pb [21℄. We normalize single top quark produ-tion in the s and t hannels to the NNLO ross setionwith next-to-NNLO threshold orretions of 3:3 pb [22℄.We normalize diboson proesses to their next-to-leadingorder (NLO) ross setions, as omputed with mfm [23℄,of 12:0 pb forWW , 3:7 pb forWZ, and 1:4 pb for ZZ pro-dution. We �x the relative normalization of the Z + b�b,Z+�, and Z+light parton samples and the relative nor-malizations of the W+ b�b, W+ �, and W+light partonsamples to NLO preditions omputed with mfm [23℄.We then normalize the inlusive Z boson prodution suhthat �(p�p! Z)�B(Z ! �+��) agrees with the NNLOpredition of 256 pb [24℄. We normalize the number ofW+jets events suh that the total number of events pre-dited by all bakground soures equals the number ofevents observed in eah of the four subsamples beforeimposing the b-tagging requirement. This orresponds toinreasing the total number of W+jets events expetedby a fator of approximately 1:3 whih is lose to theNLO k-fator for W+jets prodution.As a model for t�t resonane prodution, we use pro-dution of a Z 0 boson in pythia, that deays exlusivelyto t�t pairs. We onsider 18 resonane mass values MXbetween 350 and 1200GeV. The intrinsi widths of theresonanes are set to �X = 0:012MX .We reonstrut the t�t invariant mass, mt�t, using up tofour jets with the highest pT , the harged lepton, andthe neutrino. We determine the momentum of the neu-trino by equating the neutrino pT to the measured 6pTonstraining the invariant mass of the harged lepton-neutrino system to the W boson mass and hoosing thesmaller solution of the resulting quadrati equation forthe neutrino momentum omponent pz along the beam
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FIG. 1: Distributions of mt�t for resonanes with mass MX ,normalized to the predited �B from Table II.diretion. If there is no real solution we set neutrinopz = 0 and sale the 6pT to satisfy the W boson massonstraint. Figure 1 shows the expeted distribution ofthe reonstruted mt�t from the prodution of narrow t�tresonanes of di�erent mass values. The detetor reso-lution for mt�t varies between 65GeV for MX = 400GeVand 270GeV for MX = 1:2TeV, whih is muh largerthan the widths of the t�t resonanes onsidered.We use the reonstruted t�t mass to test for the pres-ene of a signal in the data and to ompute upper lim-its on the prodution ross setion of a narrow t�t reso-nane times branhing fration to t�t, �B, as a funtionof its mass. For eah hypothesized value of the resonanemass, we �t the data to bakground-only and to sig-nal+bakground hypotheses. For eah hypothesis we alsovary the systemati unertainties given in Table I subjetto a Gaussian onstraint to their prior values to maximizethe likelihood [25℄. We then use the pro�le likelihood ra-tio L = �2 ln(Ps+b=Pb) as the test statisti, where Ps+bis the Poisson likelihood to observe the data under thesignal+bakground hypothesis and Pb is the Poisson like-lihood to observe the data under the bakground-onlyhypothesis. For the bakground-only hypothesis, we �tthree omponents to the data. We onstrain the t�t pro-dution to its theoretial ross setion, and the multijetsbakground to the predited number of events. For theother bakgrounds, we onstrain the relative frations ofthe individual bakground soures to their predited val-ues and treat the overall normalization as a free param-eter. For the signal+bakground �t we add �B for theresonane as a parameter to the �t.We use the CLs method [26℄ to determine the limits on�B. Using pseudoexperiments, we determine the prob-ability to measure values of L that are larger than thevalue observed in the data sample if there is a t�t reso-nane signal, CLs+b, and if there is no suh signal, CLb.

TABLE I: Summary of systemati unertainties above 2%.Some values vary with subsample. The numbers give therange of the unertainties.Soure resonane t�t multijetst�t ross setion | 9% |Multijets normalization | | (30{50)%Integrated luminosity 6.1% 6.1% |Monte Carlo model | 4.3% |Trigger eÆieny �5% �5% |b-tagging eÆieny (3{11)% (3{5)% |Lepton identi�ation (3{4)% (3{4)% |Jet energy alibration (2{4)% (2{5)% |Jet energy resolution (3{5)% (3{5)% |Jet identi�ation �7% �10% |The value of �B for whih 1�CLs+b=CLb = 0:95 is the95% C.L. upper limit. We repeat this proedure at everyresonane mass value.Table I summarizes the soures of systemati uner-tainties in the normalizations of the omponents of themodel used in the limit alulation. No unertainties aregiven for the physis bakgrounds other than t�t produ-tion beause their normalizations are free parameters ofthe �t. When estimating the e�et of unertainties inthe jet energy sale, the jet identi�ation eÆieny, andthe jet energy resolution, we vary the shape of the mt�tdistributions. We also assign an unertainty to the shapeof the mt�t distribution from t�t prodution equal to thedi�erene between the default simulation using alpgenand pythia and a simulation using m�nlo and her-wig. We also onsidered variations in the amount ofinitial and �nal state radiation but onluded that theresulting hanges in the mt�t distribution were negligiblerelative to the unertainties that we already onsider.Figure 2 shows the distribution of mt�t observed in dataompared to expetations from standard model bak-grounds and a 950 GeV t�t resonane. We observe a smallexess of events at high mass values. The exess is presentin both the e+jets data and the �+jets data. We an �tthe data best with an additional resonane signal with amass of 950 GeV and �B = 0:10 � 0:05 pb. The valueof 1�CLb for the data gives the probability of getting adeviation of at least the observed size at this mass valuefrom the standard model expetation in the absene ofphysis beyond the standard model. We �nd a p valueof 0.018, orresponding to 2.1 Gaussian-equivalent stan-dard deviations. This signi�ane value does not takeinto aount that the exess may have ourred at anyplae in the mass spetrum.Figure 3 and Table II display the resulting limits on�B ompared to the limits expeted in the absene of anarrow t�t resonane and to the predited NLO produ-tion ross setion of a topolor Z 0 boson [6℄ as a funtionof the resonane mass. The expeted mass limit for pro-dution of suh a Z 0 boson that exlusively deays to
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FIG. 2: Distribution of mt�t for events that pass the �nalevent seletion with (a) exatly 3 jets and (b) at least 4 jets,ompared with expetations for standard model proesses anda 950 GeV resonane signal with the best �tted �B = 0:10 pb.The highest bin in eah histogram shows the number of eventswith mt�t > 1175 GeV.t�t is 920 GeV. The observed ross setion limit exludesZ 0 boson prodution at the 95% C.L. for masses below835 GeV.In our previous publiation [7℄, we omputed aBayesian limit on �B for a t�t resonane. For referene,we have repeated the same alulation using a subset ofthe data sample reported in this paper, orresponding to4:3 fb�1, and �nd results onsistent with the limits on�B given in Fig. 3. We also �nd that our results are in-dependent of the ouplings of the t�t resonane (pure ve-tor, pure axial-vetor, or standard-model Z-like) and aretherefore valid for any narrow resonane deaying 100%to a t�t �nal state.In onlusion, we searhed for prodution of a narrowt�t resonane in the lepton+jets hannel. We do not ob-serve a signal onsistent with the prodution of suh aresonane, although we observe a slight exess of eventsaround 950 GeV. We set upper limits on the ross se-tion times branhing fration for prodution of suh aresonane for masses between 350 and 1200 GeV. We ex-lude at 95% C.L. the prodution of a topolor Z 0 thatdeays exlusively to t�t for mass values below 835 GeV.

TABLE II: Observed and expeted 95% C.L. limits on �Bompared with preditions for a topolor Z0 omputed as-suming mt = 172:5 GeV and CTEQ6L1 parton distributionfuntions.MX predited �B expeted limit observed limit(GeV) (pb) (pb) (pb)350 7.85 1.13 1.13400 12.79 1.18 0.96450 8.59 0.92 1.16500 5.35 0.62 0.95550 3.32 0.42 0.39600 2.03 0.34 0.28650 1.24 0.26 0.19700 0.76 0.20 0.24750 0.46 0.16 0.16800 0.28 0.12 0.20850 0.17 0.10 0.19900 0.11 0.08 0.20950 0.059 0.07 0.181000 0.034 0.07 0.161050 0.020 0.06 0.141100 0.012 0.06 0.141150 0.0069 0.06 0.121200 0.0041 0.07 0.13

resonance mass [GeV]
400 600 800 1000 1200

 B
 [p

b]
σ

-210

-110

1

-1DØ, 5.3 fb

Topcolor Z’

95% C.L. observed
95% C.L. expectedFIG. 3: Observed and expeted upper limits on ross setiontimes branhing fration �B for a narrow t�t resonane as afuntion of the resonane mass. The shaded regions aroundthe expeted limit represent the �1 and �2 standard devi-ation bands. The solid line shows the predited topolor Z0prodution ross setion assuming B(Z0 ! t�t) = 100%.We thank the sta�s at Fermilab and ollaboratinginstitutions, and aknowledge support from the DOEand NSF (USA); CEA and CNRS/IN2P3 (Frane);FASI, Rosatom and RFBR (Russia); CNPq, FAPERJ,FAPESP and FUNDUNESP (Brazil); DAE and DST (In-dia); Colienias (Colombia); CONACyT (Mexio); KRFand KOSEF (Korea); CONICET and UBACyT (Ar-gentina); FOM (The Netherlands); STFC and the RoyalSoiety (United Kingdom); MSMT and GACR (CzehRepubli); CRC Program and NSERC (Canada); BMBFand DFG (Germany); SFI (Ireland); The Swedish Re-



7searh Counil (Sweden); and CAS and CNSF (China).[1℄ A. Leike, Phys. Rept. 317 (1999) 143.[2℄ B. Lillie, L. Randall, and L.-T. Wang, JHEP 09 (2007)074.[3℄ T. G. Rizzo, Phys. Rev. D 61 (2000) 055005.[4℄ L. M. Sehgal and M. Wanninger, Phys. Lett. B200(1988) 211.[5℄ C. T. Hill and S. J. Parke, Phys. Rev. D 49 (1994)4454{4462.[6℄ R. M. Harris, C. T. Hill, and S. J. Parke,hep-ph/9911288, 1999.[7℄ D0 Collaboration, V. M. Abazov et al., Phys. Lett.B668 (2008) 98{104.[8℄ CDF Collaboration, T. Aaltonen et al., arXiv:1107.5063[hep-ex℄.[9℄ D0 Collaboration, S. Abahi et al., Nul. Instrum.Meth. A 338 (1994) 185{253.[10℄ D0 Collaboration, V. M. Abazov et al., Nul. Instrum.Meth. A 565 (2006) 463{537.[11℄ D0 Collaboration, V. M. Abazov et al., Phys. Rev. Lett.107 082001 (2011).[12℄ D0 Collaboration, V. M. Abazov et al., Phys. Rev. D

84 (2011) 012008.[13℄ M. L. Mangano, M. Moretti, F. Piinini, R. Pittau,and A. D. Polosa, JHEP 07 (2003) 001.[14℄ T. Sjostrand, S. Mrenna, and P. Skands, JHEP 05(2006) 026.[15℄ S. Hoehe et al., hep-ph/0602031.[16℄ E. E. Boos, V. E. Bunihev, L. V. Dudko, V. I. Savrin,and A. V. Sherstnev, Phys. Atom. Nul. 69 (2006)1317{1329.[17℄ CompHEP Collaboration, E. Boos et al., Nul. Instrum.Meth. A 534 (2004) 250{259.[18℄ J. Pumplin et al., JHEP 07 (2002) 012.[19℄ R. Brun and F. Carminati, CERN Program LibraryLong Writeup W5013, 1993.[20℄ D0 Collaboration, V. M. Abazov et al., Phys. Rev. D76 (2007) 092007.[21℄ S. Moh and P. Uwer, Phys. Rev. D 78 (2008) 034003.[22℄ N. Kidonakis and R. Vogt, Phys. Rev. D 78, 074005(2008). N. Kidonakis, Phys. Rev. D 74 (2006) 114012.[23℄ J. Campbell, R.K. Ellis, Phys. Rev. D 65 (2002) 113007.[24℄ R. Hamberg, W. van Neerven, and T. Matsuura,Nul.Phys. B359 (1991) 343{405.[25℄ W. Fisher, FERMILAB-TM-2386-E.[26℄ T. Junk, Nul. Instrum. Methods Phys. Res., A 434,435 (1999).


